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Abstract 
 
Ionic liquids (ILs) as a fractionating agent have shown promising potentials to offer 
greener and safer technology with regards to making biomass as feedstock for energy 
and biochemicals production. Several laboratory-scale experiments have reported 
fractionating biomass with different types of ILs alongside the procedure for recovering 
the dissolved biomass fractions and the spent IL. For the sake of economical industrial 
practice, the most promising type of IL with regards to separability and recyclability in 
biomass fractionation process must be identified. 
 
In response to this research gap, this thesis seeks to investigate the most promising 
type of IL via modelling of their thermal separation and recycling. Invoking thermal 
separation necessitated studying the vapour-liquid equilibrium (VLE) of the chemical 
components in question. Additionally, some possible process flowsheets were 
simulated by simplifying the fractionation section while the thermal separation and 
recycling parts were rigorously modelled.  
 
Based on the energy consumption data from the simulated process flowsheets, the 
imidazolium-based IL appears to be more economical while the DIL consumes less 
energy as compared to the SIL.   
 
Keywords  Ionic liquid, biomass fractionation, SIL, DIL, VLE, CPE, flashing, chemical 
equilibrium, phase equilibrium, process simulation, multicomponent distillation. 
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T  Temperature (K) 
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TL                  Liquid phase temperature (K) 
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                     Mole fraction of ith component in liquid phase  
                     Mole fraction of ith component in vapour phase 
                     Mole fraction of ith component in the feed 
Z                   Compressibility factor 
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i                   ith component 
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E                                  Excess thermodynamic property 
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SAT                             Saturated thermodynamics property 
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Greek letters 
  
  Chemical potential of ith component in vapour phase 
  
  Chemical potential of ith component in liquid phase 
  
  Standard chemical potential of ith component 
                    NRTL interaction parameter 
                   NRTL non-randomness parameter   
ε Extent of reaction 
  
                     ith component stoichiometric coefficient  
  
  Fugacity coefficient of ith component in vapour mixture 
  
  Fugacity coefficient of ith component in liquid mixture 
  
    Fugacity coefficient of saturated vapour pressure 
   Activity coefficient of ith component 
 
Abbreviations 
ASOG                         Analytical solution of groups 
CPE                             Chemical and phase equilibrium 
DBU                           1,8-Diazabicyclo[5.4.0]undec-7-ene 
DIL                             Distillable ionic liquid 
[emim][OAc]            1-ethyl-3-methylimidazolium acetate 
EOS                            Equation of state 
IL                                Ionic liquid 
NRTL                         Non-random two-liquid model 
RTIL                           Room temperature ionic liquid 
SIL                              Switchable ionic liquid 
TMG                          1,1,3,3-tetramethylguaidine 
UNIFAC                    Uniquac functional activity coefficients 
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VLE                            Vapour-liquid equilibrium 
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1 Introduction 
 
 
Biomass and bioenergy have been increasingly researched due to reasons, such 
as increased environmental awareness and the need to expand the capacity of 
bio-based industries. Biomass contains stored energy that can be harnessed via 
the concept of biorefinery to produce energy and useful industrial chemicals. In 
order to harness this stored energy for bioenergy and biochemical production, 
biomass has to be separated in to its basic constituents—cellulose, 
hemicelluloses and lignin. 
 
Separation of biomass components, biomass fractionation, is a practice which 
has been accomplished with various techniques in different fields of 
application. Methods, such as steam explosion; hot water extraction; and kraft 
pulping are known to employ harsh conditions, toxic chemicals and even incur 
some biomass component loss, mainly hemicellulose (Tan and Lee, 2012). With 
the upsurge of environmental awareness and sustainable practices, greener and 
sustainable technology is always being sought. Ionic liquids (ILs) seem to be 
promising with regard to the required characteristics demanded of a green 
solvent. Consequently, several published papers have been dedicated to 
investigating and reporting the dissolution of lignocellulosic material with ILs 
on a laboratory scale (Anugwom et al., 2012; Hyvarinen et al., 2011; Kilpeläinen 
et al., 2007; King et al., 2011; Mäki-Arvela et al., 2010; Wei et al., 2012). In order 
to recover used ILs from the dissolved components, there are a number of 
options whose applicability depends on the properties of the IL in question.  
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Thermally-driven separation and recycling is an option applicable to all the 
type of ILs. This has been reported mainly in papers based on laboratory 
experience and theoretical opinion (King et al., 2011; Mäki-Arvela et al., 2010; 
Ober and Gupta, 2012). From an industrial point of view, ILs recyclability is 
vital to making potential ILs applications economical. Additionally, for ionic 
liquids to be fully regarded as green and sustainable solvents, their effective 
recyclability must be clearly defined. In light of these facts, the need to identify 
the most economical and efficient IL becomes clear. 
 
The task of identifying the most promising IL with respect to thermally-driven 
separability and recyclability requires a thorough thermodynamics study—
mainly vapour-liquid equilibrium (VLE). Admittedly, a number of VLE and 
simulation studies involving ILs have been published; however, most of them 
do not examine the ILs of interest in biomass fractionation (Bedia et al., 2013; 
Döker and Gmehling, 2005; Ferro et al., 2012; Hector et al., 2013; Römich et al., 
2012). Moreover, no published worked has embarked on investigating the most 
promising of the ILs used for biomass fractionation. 
 
Thus, the goal of this thesis is to identify the most promising type of IL via 
modelling and simulation of the biomass fractionation process. The biomass 
fractionation process shall be modelled with different ILs with the main focus 
being on the separation and recycling section. This thesis will start with a brief 
presentation on ILs and their characteristics as potential green solvent. 
Following ILs description, the next chapter will present an overview of the 
reported biomass dissolution cases with the aim of identifying ILs of choice in 
biomass fractionation and their dissolved components. Furthermore, chapter 3 
will be dedicated to the thermodynamics framework needed for VLE modeling. 
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Additionally, chapter 3 shall consider isothermal flash model. Finally, the last 
chapters will cover the modelling practicalities, including fitting parameters of 
models, the development of recycling schemes and the simulation of the 
developed schemes in Aspen Plus as well as the comparison of results.  
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I  LITERATURE PART 
  
2 Ionic Liquids and Biomass Fractionation 
 
 
The seemingly potential green and designer solvent popularly known as ionic 
liquids (ILs) will be discussed in this chapter. The basic idea behind its 
functionality and characteristics will be briefly mentioned in Section 2.1 while 
Section 2.2 will be focused on the fractionation of lignocellulose material with 
the goal of identifying the content of the extract stream in biomass fractionation 
process. The last section shall examine the recycling solutions currently applied 
in applications employing ionic liquids. 
 
2.1 Ionic liquids 
 
The term ionic liquids generally refer to ionically bonded compounds existing 
as liquid below 100 degree Celsius (Li et al., 2010). ILs that exist as liquid below 
25 degree Celsius are specifically denoted as room temperature ionic liquids 
(RTILs).  Ionically bonded compounds are known for their high melting point 
as they are symmetrically held by electrostatic force; as such, they exist as solid 
for a wide range of temperature. ILs, however, owe their liquid state to the 
effect of the bond-weakening conditions caused by ions size and structural 
irregularity. Consequently, ILs are formed when a large and asymmetrically 
structured organic cation is bonded to either an organic or inorganic anion 
(Mäki-Arvela et al., 2010). The choice of cation-anion combination in 
synthesizing ILs is numerous, thus hundreds of ILs have been synthesized in 
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the laboratory. Some of the commonly used cation-anion options alongside 
some frequently employed ILs in biomass fractionation are shown in Figure 1 
and Figure 2 respectively. The choice of cation-anion combination is usually 
exploited to tailor properties of synthesized ILs as desired; hence, ILs are also 
referred to as designer solvent (Safarov et al., 2012). 
 
 
Figure 1: Commonly used cations and anions in ILs. 
 
  
  
Figure 2: Common ionic liquids for biomass fractionation. 
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Generally, ionic liquids are characterized by high conductivity, low vapour 
pressure, low flammability and high thermal stability. These characteristics of 
ILs are not farfetched considering the strong nature of the liquid pool 
interaction. For instance, the observed high conductivity can be attributed to the 
presence of mobile charges in the pool while the low flammability and vapour 
pressure of ILs can be attributed to the high energy required for an ion or ion-
pair to escape from ionic liquid pool. This low tendency of IL evaporation is 
particularly advantageous from the environmental point of view as air 
pollution from IL-using processes will be minimal or less likely to occur. (Mäki-
Arvela et al., 2010). 
 
2.2 Biomass fractionation with ionic liquid 
 
Lignocellulose materials have been identified as a CO2-neutral, renewable and 
sustainable source of bioenergy—mainly through biofuel production—and 
biochemicals. Due to these attractive qualities of lignocellulose materials, a lot 
of attentions have been focused on fractionating its components for 
applications. For instance, cellulose and hemicelluloses are being considered for 
biofuel production through enzymes digestion. (Tan and Lee, 2012) 
 
With regards to separating biomass to its components with ionic liquids (ILs), 
several papers have been published identifying a number ILs with their various 
dissolution abilities (Anugwom et al., 2012; Hyvarinen et al., 2011; Kilpeläinen 
et al., 2007; King et al., 2011; Mäki-Arvela et al., 2010). Generally, ILs ranges in 
terms of their dissolution ability; some specifically dissolve a particular 
component while some can even dissolve the whole biomass altogether. 
Biomass dissolution ability of ILs is directly related to the basicity of its 
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hydrogen bonding (Mäki-Arvela et al., 2010). Additionally, ILs biomass 
dissolution strength reduces with increase in the size of the cation alongside its 
alkyl branching due to hindrance to hydrogen bonding formation. In 
combination with an appropriate cation, smaller anions enhance ILs dissolution 
strength. (Mäki-Arvela et al., 2010; Tan and Lee, 2012) 
 
Summarily, a good IL candidate for cellulose dissolution would have a small 
polarizing cation together with an anion enabling attack of cellulose hydrogen 
bonding. For imidazolium based ILs, halides, formate and acetate are regarded 
as good anion candidate for cellulose solvent. As for lignin, the following ILs 
are identified as the most effective; 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate and 1,3-dimethylimidazolium methylsulphate. In the 
case of biomass dissolution altogether, a general rule of thumb is that a good 
cellulose and lignin solvent can adequately dissolve wood as well (Mäki-Arvela 
et al., 2010). Nonetheless, 1-ethyl-3-methylimidazolium acetate is recognized to 
be the most suitable and promising IL amongst its imidazolium-based 
counterparts because of its relatively low dissolution temperature and toxicity 
as compared to its peer solvents. (Mäki-Arvela et al., 2010; van Spronsen et al., 
2011) 
 
Table 1 presents a list of various ILs and their dissolution ability as reported in 
published papers. Mäki-Arvela et al. (2010) in their review collected an 
exhaustive list of different ILs reported in the literature with their 
corresponding dissolution ability. Virtually, all the reported ILs were either for 
cellulose, lignin or wood dissolution.  
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It is also noteworthy that the dissolution of biomass and/or its components by 
ILs are non-derivatizing in nature, that is, no formation of new compounds 
(Mäki-Arvela et al., 2010). The interaction of ILs with biomass is solely 
intermolecular in nature, hence, merely depolymerizing the biopolymers. 
Furthermore, from applications point of view, ILs action on biomass weakens 
the crystal nature of cellulose making it easily hydrolyzed for further 
processing. In general, imidazolium-based ILs are the most commonly utilized 
ILs, however, that is not to say they are the only types of ILs synthesizable. In 
fact, in view of easy recycling, two new generations of ILs synthesized with 
organics base, such as, 1,8-diazabicyclo[5.4.0]undec-7-enium (switchable ILs) 
and 1,1,3,3-tetramethylguaidine (distillable ILs) are fast becoming more 
promising options (Anugwom et al., 2012; King et al., 2011).   
 
TABLE 1: Popular ILs for cellulose and wood dissolution. 
IONIC LIQUIDS  
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2.3 Ionic liquid recycling 
 
Following biomass fractionation with an IL, the resulting extract is a 
multicomponent liquid mixture. These components are dissolved biomass 
components—cellulose, hemicellulose and lignin—, the employed IL and 
probably some degraded biopolymers, depending on the fractionating 
condition, alongside possible of impurities. Obviously, this mixture will vary in 
composition and components as different ILs differ in their dissolution ability 
of biomass components. Priority is given to recovering biomass dissolved 
component(s) as recovering them is the goal of the whole process. The most 
common recovery method reported in literature is to precipitate biomass 
dissolved components with an antisolvent such as water and/or methanol 
(ethanol in some cases). The precipitation is performed in turns and in different 
conditions for different components. (Mäki-Arvela et al., 2010; Tan and Lee, 
2012; Wei et al., 2012) 
 
Cellulose is commonly the first to be precipitated and filtered. Afterwards, 
lignin is precipitated in an acidic condition which can be attained by 
introducing CO2 flow into the solution (Ober and Gupta, 2012). This approach 
of initiating acidic environment for lignin precipitation reduces the risk of 
introducing impurity into the system by the conventional usage of mineral acid. 
The last step is to evaporate the remaining antisolvent and water to recover the 
IL. A pictorial depiction of the typical procedure followed for IL recovery in the 
laboratory is shown in Figure 3. 
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Figure 3: Overall chart of IL recycling in laboratory. (taken from Mäki-Arvela 
e.al . 2010) 
Apart from precipitating the dissolved components with nonsolvents and 
subsequent filtration, immiscible inorganic solvents can also be used to separate 
and recover IL from the complex mixture. Vacuum distillation of IL is also 
applicable and in fact this option is very attractive because of the guaranteed 
purity of recovered ILs. 
 
2.3.1 Ionic liquid distillation 
 
Amongst the recycling options available for ionic liquids, distillation is an 
option applicable to ILs of all types. Additionally, this IL recovery approach 
guarantees better purity as the ILs distills to leave impurities behind. With 
regards to distillability of aprotic ILs, Earle et al. (2006) clears the air by 
reporting vapour pressure data for a number of imidazolium-based ILs. Protic 
11 
 
 
ILs are known to exist in equilibrium within their two different forms; the ion-
pair charged form and dissociated neutral form (formed when the anion accepts 
proton from the cation). Consequently, the vapour formed upon vapourizing IL 
contains the neutral molecules which can be recombined. (Earle et al., 2006)  
 
As for the aprotic family of ILs, the nature of their vapourization is 
controversial. Earle et al. (2006) concluded that the correct liquid-vapour 
transfer mechanism is by ion or ion aggregate volatilization without being 
specific about the vapour phase nature.  os  M. S. S.  speranc a et al. 2010, 
however, favours phase transition by single ions transfer. They went on further 
to explain that neutral ion-pairs can dissociate at high temperatures in the 
vapour phase. Leal et al. (2007) also investigated the nature of ILs vapour 
phase. The results from their experiments established that neutral molecules 
and neutral ion-pairs are present in protic and aprotic vapour phases 
respectively. Figures 4 and 5 schematically summarize the arguments.   arle et 
al.  2      os  M. S. S. Esperanc  a et al., 2010; Leal et al., 2007) 
 
 
Figure 4: Schematic presentation of protic (left) and aprotic (right) IL 
vapourization.  
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Figure 5: Possibilities of aprotic ILs vapour nature. 
 
Following the explanations above, the traditional imidazolium based ILs can be 
distilled at high vacuum. Alternatively, BASF (2013) claimed the possibility of 
switching off—converting IL to neutral and easily distillable molecule—the 
traditional imidazolium based ILs. This procedure is easiest in a protonated IL 
as the cation is simply deprotonated to form an imidazole while the anion 
accepts the proton to form an acid as shown in Figure 6. (BASF, 2013). 
 
 
Figure 6. Protonated imidazolium IL switching off.  
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Figure 7: Formation of distillable carbenes and imidazole from alkylated ILs. 
 
Figure 7 illustrates the switching off of alkylated imidazolium based ILs. This 
can be achieved either by thermal cleavage or in the presence of a base to form 
distillable imidazole and carbenes respectively. Imidazole and carbene can be 
distilled and reacted with an acid and an alkylating agent respectively to 
regenerate the IL in question. 
 
The concept of ILs switching off and on has lead to a new generation of ILs 
specially referred to as switchable ionic liquids (SILs). SILs are synthesized from 
two molecular compounds and a gas stream (Anugwom et al., 2012). The ionic 
liquid behaviour of the mixture is switched on in the presence of the employed 
gas flow. Switching off these ILs simply requires stripping the solution of the 
gas stream. With respect to distillation, SILs can be easily switched off by 
distillation after biomass dissolution. The distilled molecular liquids are then 
recombined and switched on for the next round of biomass fractionation. 
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Anugwom et al. (2012) synthesized two SILs using alcohols (hexanol and 
butanol) and amidine (1,8-diazabicyclo[5.4.0]undec-7-enium)(DBU) in the 
presence of carbon dioxide. DBU-based SILs are capable of selectively 
dissolving hemicellulose. This is particularly interesting as hemicellulose is less 
discussed in terms of biomass component dissolution. 
 
 
Figure 8: Illustration of SIL formation from an alcohol and DBU. 
 
Similarly, another easily distillable new generation of ILs is the based on 
1,1,3,3,-tetramethylguaidine (TMG)—an organic base—and organic acids such 
as formic and acetic acid (King et al., 2011). The mixture act is capable of 
dissolving cellulose and can dissociate to the starting acid and base (TMG) at 
about 140 degree Celsius temperature. With the aid of temperature, a TMG-
based IL can have its equilibrium shifted to the right to favor production of the 
starting molecular acid and base. These starting components can be easily 
distilled and recombined for recycling. King et al. (2011) reported 99% purity of 
recovered TMG-based IL pointing out its superiority to 95% purity of 
imidazolium-based ILs reported by BASF (2013). 
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3 Theoretical Background of Vapour-Liquid Equilibrium 
 
 
Ionic liquid purification by temperature swing processes requires an 
understanding of vapour-liquid equilibrium (VLE) behaviour of the IL solution 
in question. This understanding necessitates mathematically describing 
(modelling) VLE of the system in consideration for general simulation purpose. 
Additionally, an isothermal flashing model and an expedient solution 
algorithm are required for phase composition and fraction determination 
within the simulation. To start with, the traditional VLE modeling approach 
will be reviewed. The next subheading shall consider ionic liquids VLE 
modelling available in literature. Lastly, flashing model and the solution 
algorithm will be treated. This presentation will be limited in terms of equations 
as the relevant thermodynamics equations are compiled in the appendices. 
Detailed description of the terminologies used in this chapter can be found in 
chemical engineering thermodynamics books for thorough understanding. 
 
3.1 General vapour-liquid equilibrium modelling 
 
Vapour-liquid equilibrium modelling is an important concept in chemical 
engineering because of its importance in distillation and gas absorption—the 
most matured and used unit operations. Prior to equilibrium description of 
vapour/gas-liquid systems, it is essential to present the basic variables required 
to describe each of the phases; vapour/gas and liquid phase. 
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Vapour phase: In a multicomponent vapour system with the following state 
variables, p, v, and T, denoting pressure, molar volume and temperature 
respectively, the following equations are valid;  
 
                                                                 (3-1) 
  
In equation (3-1), yi and pi represent the ith component mole fraction and 
partial pressure respectively. 
 
                                          (3-2) 
  
In order to account for non-ideal behavior in real systems, a modified partial 
pressure is defined for real gases as fugacity,   
 . Fugacity is a multiple of 
component partial pressure and fugacity coefficient—  
 —defined as follows 
 
  
    
      
                         (3-3) 
 
Fugacity coefficient can be estimated from equation (3-4), either in pressure or 
volume explicit form. 
 
      
   
 
  
  
  
 
   
  
   
 
       
 
  
   
 
   
              
(3-4) 
 
 
In equation (3-4), volume explicit fugacity coefficient expression, the pressure as 
a function of other state variables can be taken from any of the equation of state 
(EOS) models. Some EOS models alongside constant parameters mixing rules 
for mixtures are presented in the appendix A. 
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Liquid phase: The total vapour pressure above a liquid mixture can be related 
to its pure components saturated vapour pressure,   
   , using Raoult’s law as 
defined below; 
 
       
                                          (3-5) 
  
Just as in the vapour phase, accounting for non-ideality demands introducing a 
coefficient. Either fugacity coefficient or activity coefficient,    , can be 
introduced. For each of the cases, the corresponding component liquid phase 
fugacity can be defined as follows;  
 
  
    
      
                                                (3-6) 
 
  
        
     
              
    
  
                                      (3-7) 
 
In equation (3-7),   
    represents the fugacity coefficient of the pure component 
saturated vapour pressure and the exponential term is a pressure correction 
term popularly known as the Poynting correction factor. Pure component 
vapour pressure can be calculated from models such as Antoine, Wagner, and 
Cox models amongst others, having fitted the model parameters with 
experimental data. Some vapour pressure models are presented in the appendix 
B. 
 
The use of activity coefficient model captures nonideality introduced by 
molecular interaction in the liquid phase. In essence, activity coefficient model 
definition requires components fugacity to approach pure components 
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saturated vapour pressure at the operating temperature and pressure condition 
as components mole fraction and activity coefficient approach unit. The 
formulation is known as symmetrical definition. Symmetrical definition is not 
feasible for cases where gas, solid, or ionic species represents pure component 
at the defined standard state condition. The stated infeasibility is due to the fact 
that these species possess no vapour pressure. In such cases, a nonsymmetrical 
formalism is employed. Nonsymmetrical formulation uses standard state as the 
dissolved component at infinite dilution in an appropriate solvent. Thus, the 
standard state fugacity is the Henry’s law constant as the component mole 
fraction and activity coefficient approach zero and unity respectively. 
 
In order to calculate activity coefficient, a number of models such as Wilson, 
NRTL, and UNIQUAC are commonly used to represent the Gibbs excess 
energy in equation (8). 
 
     
 
    
   
   
 
      
 
(3-8) 
 
 These models express excess Gibbs energy as a function of components mole 
fractions, system temperature and interaction parameters of components. The 
interaction parameters can be determined by fitting the model equation to 
relevant experimental data. Furthermore, there are also some special activity 
coefficient models with some additional terms meant to account for ionic 
interactions in electrolyte systems. Moreover, in the absence of experimental 
data, UNIFAC or ASOG which are based on group contribution method can be 
applied. Appendix C is dedicated to presentation of commonly used activity 
coefficient models. 
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Vapour-Liquid equilibrium: Equilibrium condition in a closed 
multicomponent and multiphase system can be defined by the condition of 
minimum Gibbs energy and maximum entropy. These postulates can be used to 
establish equality of temperature, pressure and chemical potential in all of the 
phases present in the system. These equality conditions are referred to as 
thermal, mechanical and chemical or material equilibrium conditions 
sequentially. For a liquid-vapour system, they can be mathematically expressed 
as follows;  
 
      (3-9) 
 
                                     (3-10) 
 
  
    
                                 (3-11) 
 
In chemical engineering applications, equality of chemical potentials expressed 
in equation (3-11) is usually replaced by fugacity equality. 
 
  
    
                                   (3-11b) 
 
In employing fugacity equality relationship to predict the phase equilibrium, 
two approaches are common; phi-phi method and phi-gamma method. In the 
phi-phi approach, both liquid and vapour phase fugacities are expressed using 
the fugacity coefficient method. Phi-gamma on the other hand applies activity 
coefficient for the liquid phase and fugacity coefficient for the vapour phase. 
Activity coefficient method is known to model liquid phase more accurately, 
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hence, it is more in use. The general fugacity equality expression at equilibrium 
for gamma-phi method is presented in equation (3-12). 
 
  
           
     
        
 
  
  
    
  
                        (3-12) 
 
In a non-reactive system, the expression of fugacity equality in all phases is 
sufficient for VLE modeling. In a reactive liquid mixture, however, it is required 
to invoke Gibbs energy minimization for all reactions alongside the fugacity 
equality equation. In other words, chemical and phase equilibrium are coupled 
together and both conditions must be fulfilled. Equation (3-13) presents the 
expression for Gibbs free energy at equilibrium which basically models 
chemical equilibrium in the reactions.  
 
                                 (3-13) 
 
Modeling systems with coupled chemical and phase equilibrium (CPE) requires 
finding solution to equations (3-12) and (3-13). Solving these equations can be 
done in two ways; formulation and minimization of Gibbs energy or solving the 
nonlinear simultaneous equations (Avami and Saboohi, 2011; Bonilla-Petriciolet 
et al., 2008). Under the umbrella these solution approaches, different 
researchers have also used different techniques and algorithms to achieve their 
goals in an expedient manner. (Seider and Widagdo, 1996; Ung and Doherty, 
1995; Ung and Doherty, 1995) 
 
Considering the following reaction in a liquid mixture;  
                                   (3-14) 
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                                                  (3-15) 
 
Equation (3-15) describes the change in mole for each of the reacting 
components. Furthermore, utilizing the equation for Gibbs free energy at 
equilibrium—equations (3-13)—,it is easy to establish the traditional 
equilibrium constant expression—equation (3-16). 
 
         
               
   
            (3-16) 
 
Solving equations (3-12) and (3-16) with composition summation constraints is 
the so called simultaneous equation solving method for CPE. Gibbs 
minimization procedure, on the other hand, minimizes Gibbs function for the 
system with atom balance of the components as constraints. 
 
3.2 Ionic liquids’ vapour-liquids equilibrium modelling 
 
Vapour-liquid equilibrium (VLE) modeling in ILs systems will naturally require 
novel adjustment to the traditional methods applied to molecular liquids as a 
result of its complex nature. Compounding this complexity is the fact that the 
solution and vapour chemistry of ILs is still debatable (Wang et. al 2011).  
 
In general, published works related to VLE measurement and modeling of ILs-
containing systems have made varying assumptions about the potential green 
solvent’s chemistry. These assumptions can be categorized into three: 1. normal 
molecular liquids; 2. completely dissociated in liquid phase; 3. partly 
dissociated. Models making the first assumption surprisingly dominate the 
literature with acceptable VLE data prediction. Such models commonly utilize 
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different equation of state (EOS) models for the vapour phase and activity 
coefficient for liquid phase. Peng-Robinson is by far the most used EOS while 
NRTL and UNIQUAC are the popular options in the liquid phase. (Alvarez and 
Saldaña, 2012; Anderko et al., 2002; Kato et al., 2004; Maia et al., 2012; Wang and 
Anderko, 2011) 
 
The second category of assumption simply applies the electrolyte-NRTL for 
modeling the dissociated cations and anions while the remaining part follows 
the conventional practice. The category, also known as the speciation model, is 
a rather rigorous model that includes additional terms in the excess Gibbs 
expression for estimating activity coefficient. The additional terms, as shown in 
equation (3-17) are meant to account for the electrostatic (LR), ion-ion (II) and 
ion-pair interactions (II) within the liquid phase. 
 
  
  
 
   
 
  
 
   
 
  
 
   
 
  
                                (3-17) 
 
The short range term can be modeled with any activity coefficient methods—
NRTL, UNIQUAC amongst others. The detailed expressions of the extra terms 
are gathered in equations (3-17a) to (3-17i). In addition to the elongated Gibbs 
terms, chemical equilibrium is simultaneously solved in this model. 
 
   
 
  
      
 
 
     
 
   
     
   
            
       
                   
(3-17a) 
 
             
                                                                
 
 (3-17b) 
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      (3-17c) 
 
   
  
  
      
 
              
  
 
(3-17d) 
 
                                              (3-17e) 
 
                                              (3-17f) 
 
                                                             (3-17g) 
 
                 
     
 
                                 (3-17h) 
  
                 
     
      
(3-17i) 
 
In general, it was agreed that VLE modeling of ILs does not necessarily have to 
be detailed as the rigorous speciation model to produce acceptable results 
(Wang and Anderko, 2011). Comparable results are obtainable by merely using 
the molecular liquids assumption (Maia et al., 2012; Wang and Anderko, 2011). 
Wang et al. (2011) noted that the speciation model is specifically important 
when transport properties are to be simulated. 
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3.3 Reactive flash model and solution algorithms 
 
Flashing calculations are fundamentally important in chemical engineering as 
they are required for phase, composition, temperature and pressure 
determination within process simulation. Depending on the complexity of a 
process, its simulation can warrant calling flash calculations tens to thousands 
of times. Thus, the importance of an expedient solution algorithm becomes 
apparent as the speed of its solution directly tells on the overall process 
simulation time.  
 
Solving reactive flash model is quite complicated because of the coupled nature 
phase and chemical equilibrium. Nonetheless, most of the published works 
have tried to maintain the traditional form of Rachford-Rice formulation (Pérez 
Cisneros et al., 1997; Ung and Doherty, 1995). A number of other algorithms are 
based on Gibbs minimization (Avami and Saboohi, 2011). Other groups of 
researcher have employed composition transformation to reaction invariant 
variables (Bonilla-Petriciolet et al., 2008; Jaime-Leal et al., 2012; Ung and 
Doherty, 1995). The latter method is particularly beneficial as the problem 
dimensionality is reduced making phase diagrams construction more feasible.  
 
Presented below is the isobaric isotheral flash problem based on Ruiz et. al. 
(2006). Consider a reactive flash unit with a reaction and C number of 
components. Assuming F, L, V, H, xi, yi, zi, ε, and vi denote feed flow, liquid 
flow, vapour flow, unit holdup, liquid phase ith component composition, 
vapour phase ith component composition, feed ith component composition, 
reaction extent and ith component stoichiometry coefficient in reaction 
sequentially. The following formulation can be written for the system. 
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                                    (3-18) 
                                                    (3-19) 
     
 
                                               (3-20a) 
     
 
                                               (3-20b) 
                                                     (3-21) 
Rearranging equations (3-17) to (3-21) can easily yield equations (3-22) and (3-
23) 
   
   
  
 
 
 
 
 
 
  
                                        (3-22) 
     
   
  
  
 
   
 
    
                                    (3-23) 
Furthermore, equation (3-20) – (3-19) results in equation (3-24). 
 
   
  
  
 
   
 
    
        
 
                      (3-24) 
With the definition of stream ration as presented below, a modified form of 
Rachford-Rice equation—equation (3-26)—can be derived. 
         
 
                                                                    (3-25) 
If           
 
         
Then,       
   
  
  
           
        
 
                       (3-26) 
The derivative of f(theta) is presented in equation (3-27) 
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                              (3-27) 
If the feed stream alongside the temperature and pressure at equilibrium are 
known; theta—the vapour to feed ratio— can be solved from equations (3-26) 
and (3-27) using Newton’s method or iterative substitution method. Theta can 
be solved in the inner loop while the equilibrium compositions are estimated in 
the outer loop following the standard non-reactive algorithm. 
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II  APPLIED PART 
 
4 Vapour-Liquid Equilibrium Modelling of Ionic Liquids 
 
 
The previous chapter discussed in detail, the theoretical concept of vapour-
liquid equilibrium. In continuation, this chapter shall apply these VLE concepts 
to the ILs of interest for eventual thermal separation and recyclability analysis. 
The focus here is to present the assumptions and the practicalities employed in 
modelling of the VLE and necessary physical properties for the ILs of interest. 
Section 4.1 shall focus on ionic liquids originated from imidazolium cation, 
while Section 4.2 combines the case of distillable and switchable ionic liquids.  
 
4.1 Modelling of imidazolium-based ionic liquid  
 
According to the discussion on imidazolium-based ILs dissolution of biomass 
treated in section 2.2 of chapter 2, it was concluded that 1-ethyl-3-
methylimidazolium acetate ([emim][OAc]) is the most promising solvent for 
lignocellulosic materials amongst its peers. This conclusion was based on the 
following attributes of [emim][OAc]: the ability to dissolve biomass at a 
relatively milder condition, tolerance to about 10 wt% of antisolvent (water in 
particular) without significant affect on its dissolution ability and  the nontoxic 
nature due to its organic anion. (Mäki-Arvela et al., 2010) 
 
In light of the acclaimed superiority of [emim][OAc], the VLE modelling 
performed is solely based on [emim][OAc] as the long term goal is to identify 
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the most promising IL for biomass fractionation via rigorous analysis of the 
thermal separation and recycling section of the overall process. Rigorous 
modelling of thermally-driven separation demands good understanding of the 
VLE of the chemical systems in consideration. Hence, the VLE modelling for IL-
antisolvent system is the goal of this section.  
 
For the purpose of the modelling task performed, [emim][OAc] is the IL while 
water is the antisolvent. It is desirable to investigate the VLE for the chemical 
system with other alcoholic antisolvent; however, this was hampered by the 
nonavailability of adequate data as will be discussed later in this chapter. 
Furthermore, for the VLE modelling purpose the gamma-phi model is utilized 
while IL is treated as molecular specie. This modelling approach is favoured as 
it had consistently yielded acceptable results in earlier publications about ILs 
(Döker and Gmehling, 2005; Kato et al., 2004; Revelli et al., 2010). Besides, 
increasing the model hierarchy by considering IL speciation will demand more 
thermodynamics data which are not available. Of course, such needed 
thermodynamics data can be optimized, but once again, there are no adequate 
data for the optimization to ensure thermodynamics consistency.  
 
Furthermore on the modelling assumptions, an ideal vapour is assumed 
throughout this modelling. Likewise, the Poynting factor and fugacity 
coefficient of the saturated vapour pressures were neglected based on the 
assumption of moderate pressure condition. With the stated assumptions 
above, the gamma-phi equation can be reduced to equation 4-1. In order to 
proceed, the saturated vapour pressure and the liquid activity coefficient 
parameters are needed. Due to nonavailability of measurement data, negligible 
values or even naught are commonly assumed for ILs vapour pressure for the 
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purpose of VLE modelling (Döker and Gmehling, 2005; Revelli et al., 2010). In 
this work, some infinitesimal values were employed to fit the vapour pressure 
correlation for the IL. Equation 4-2 and Figure 9 represent the least square-fitted 
correlation and the graphical depiction of the correlation respectively.  
 
          
                                        (4-1) 
 
     
          
        
 
                  (4-2) 
 
 
Figure 9: Semilog plot of vapour pressure of [emim][OAc]. 
 
Römich et al. 2012 reported 85 xpT data points and the interaction parameters 
for [emim][OAc]-H2O between a temperature range of 293.15 K to 353.15 K. 
Using the reported interaction parameters, the temperature dependency form 
shown in equations 4-3 to 4-6 was fitted for the data set.  Employing the least 
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square as the equation error and the underlying assumptions stated earlier, the 
temperature-dependent NRTL parameters were optimized using the reported 
interaction energies. Table 2 presents the reported interaction parameters in 
Römich et al. 2012 and the optimized values determined as described above. 
(Römich et al., 2012) 
 
                     (4-3) 
    
    
  
            (4-4) 
        
   
 
               (4-5) 
                         (4-6) 
 
Table 2: NRTL interaction parameters; water (1) and [emim][OAc] (2). 
  Unit 12 21 
       
∆g  J/mol 28938 -25691 
       
a  7.15E-12 -3.9E-12 
b  3480.64 -3090.09 
c  0.1024 0.1024 
d  0 0 
e  -1.1E-12 6.14E-13 
f   0 0 
 
By way of verifying the accuracy of the fitted parameters, the experimentally 
measured bubble curves were charted together with the NRTL model 
prediction in Figure 10. The overall average relative error for the 85 data points 
calculated as  
 
 
   
             
      
          is 5.47%.  
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Because of the low vapour pressure exhibited by ILs, it is customary not to 
show the dew point curves as the vapour phase almost entirely contains the 
volatile component; water in this case. 
 
 
Figure 10: Comparation of experimental data with NTRL model prediction. The 
points and lines represent experiment data and model predictions respectively.  
 
Some efforts were invested on modeling mixtures of [emim][OAc] and alcohols 
as well. These efforts were; however, hampered due to lack of experiment data 
to fit the Gibbs excess model parameters. The absence of the needed measured 
data in the literature demands the used of group contribution or the predictive 
models. Regarding the group contribution method, the present status of the 
UNIFAC main groups and subgroups is still limited in terms of ILs structure. 
Hector et al. 2013, Lei et al. 2008 and Nebig & Gmehling 2011 all contributed to 
extending the capability of UNIFAC model to handle ILs and alcohol mixtures. 
These efforts yielded new subgroups but the subgroups needed to capture 
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acetate and IL interaction are still missing. (Hector et al., 2013; Lei et al., 2012; 
Nebig and Gmehling, 2011) 
 
Revelli et al. 2010 published some measured VLE data including that of 1-butyl-
3-methylimidazolium acetate ([bmim][OAc])-methanol/ethanol mixture. Using 
these data alongside the water-[emim][OAc] reported in Römich et al. 2012, 
some new subgroups can be created with their interaction parameters 
optimized to handle mixtures of alcohol and the acetate-based ILs. Performing 
this kind of optimization is; however, beyond the scope of this thesis as it 
requires large amount of data and computer memory side by side with 
significantly robust algorithm. 
 
4.2 Modelling of distillable and switchable ionic liquids 
 
The task of VLE modelling distillable and switchable ionic liquids (DIL and SIL) 
is done together because of the similarity in the ILs chemistry. DILs are formed 
from organic base and acid; 1,1,3,3-tetramethylguanidine (TMG) is the 
commonly used base while any member of the alkanoic acid homologue can be 
the acid. Similarly, SILs are synthesized by reacting mixture of organic base and 
alcohol in the presence of a sour gas—either carbon dioxide or sulphur IV 
oxide. In this case, 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) is a common 
based used for SIL synthesis.  
 
Apart from being synthesized from molecular species, the formation of both 
DILs and SILs is also exothermic in nature. This exhibited exothermicity allows 
the regeneration of the starting molecular chemicals, which are employed to 
synthesize these ILs, by simple temperature increment. In essence, the chemical 
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equilibrium can be shifted in the desired direction by invoking thermal energy. 
The DIL and SIL considered in this modelling task have the following chemical 
pairs as their starting molecular species: TMG/propanoic acid for DIL and 
DBU/butanol/CO2 for the SIL. Figures 11 and 12 depict the chemical equilibrium 
reaction between the ILs and their corresponding molecular conjugate. 
 
 
TMG  +  C2H5COOH  ----  [TMGH][ C2H5CO2] 
Figure 11: General scheme of DIL formation with TMG/propionic acid case. 
 
 
DBU  +  C4H9OH   +   CO2   ----   [DBUH][ C4H9CO3] 
Figure 12: General scheme of SIL formation with DBU/butanol/CO2 case. 
 
These choices of ILs were investigated because their biomass dissolution 
capability has been previously published (Anugwom et al., 2012; King et al., 
2011). Moreover, there are some indirect data in the literatures from which their 
chemical equilibrium could be approximately modelled (Heldebrant et al., 2008; 
King et al., 2011). As mentioned earlier in subsection 3.1 of chapter 3, modelling 
chemical equilibrium involves total Gibbs free energy minimization for the 
system being considered. This minimization exercise can performed using 
either of the stoichiometric or non-stoichiometric approach.  
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In line with the stoichiometric approach, the total Gibbs free energy can be 
written in terms of the extent of reaction(s). The extent of reaction(s) that 
minimizes total Gibbs free energy dictates the equilibrium composition. 
Because the derivate of total Gibbs free energy with respect to reaction(s) extent 
at equilibrium is zero, the standard and excess parts of the total Gibbs free 
energy can be equated. This consequently allows reformulating the 
minimization problem as nonlinear simultaneous equations. Equations 4-7 to 4-
10 present the nonlinear set of equations. 
 
   
                                                                                (4-7) 
 
           
                                                                             (4-8) 
 
           
 
                                                                            (4-9) 
 
          
         
 
    
        
   
    
 
  
 
    
             (4-10) 
 
   
In order to model chemical and phase equilibrium (CPE) simultaneously, the 
phase equilibrium expression have to be solved alongside those of the chemical 
equilibrium. By way of reducing complexity, the CPE can also be handled by 
expressing the phase transitions as chemical equations and thus, maintaining 
the chemical equilibrium problem. The modelling tasks performed in this 
section consider only chemical equilibrium of the ILs and leaves the CPE 
treatment to the simulation section. 
 
Starting with the SIL ([DBUH][C4H9CO3]), the standard state enthalpy and 
Gibbs free energy of formation and the appropriate heat capacity correlation is 
needed for all the components. These data are available in common physical 
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properties databases for carbon dioxide and butanol but not for DBU and the 
SIL. Three different group contribution methods were used to estimate the 
standard state enthalpy and Gibbs free energy of DBU as ideal gas; the Joback 
method and two other methods developed for biological systems by 
Mavrovouniotis 1991 and Jankowski et al. 2008 (Jankowski et al., 2008; 
Mavrovouniotis, 1990; Poling et al., 2001). The other two methods asides Joback 
were employed because the nitrogen ring group (—N<) is absent in the Joback 
group table, hence, the aliphatic equivalent was employed for the estimation. 
Table 3 presents the result of the estimations. 
 
Table 3: Thermodynamics properties of DBU from group contribution methods. 
       
     
  
    kJ/mol kJ/mol 
Joback method   79.18 321.6 
Jankowski et al. 
2008   - 245.6 
Mavrovouniotis 
1991   - 397.1 
  
Additionally, the heat capacity as ideal gas was estimated with Flowbat—the 
in-house process simulator developed in Aalto University—using the Harris 
and Seaton’s property estimation method. As for the SIL, there are currently no 
estimating methods for them. Heldebrant et al. 2008, however, reported 
enthalpy, entropy and Gibbs free energy data for eighteen different CO2 
capturing reactions forming different SILs at 1atm and 25 degree Celsius. These 
data include that of the SIL considered, thus, the standard state 
thermodynamics properties of the SIL in liquid state was back-calculated. In 
this calculation, the ideal gas standard state properties for DBU were converted 
to liquid state using the enthalpy of vaporization, also estimated with Flowbat, 
while the liquid state properties of butanol was collected the DIPPR 801 project 
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book.  Table 4 presents reaction data from Heldebrant et al. 2008 and the 
calculated values for the SIL. 
 
Table 4: Reaction data and estimated properties for SIL. 
            
kJ/mol kJ/mol kJ/(mol-K) 
   -140 -9.7 -0.45 
   
  
SIL, liquid 
     
  kJ/mol -844.9 
   
  kJ/mol -137.2 
   
  kJ/(mol-K) -2.16 
 
 
In addition to this, the equilibrium constant is estimated with the reported 
Gibbs energy of reaction and then extended with the van’t Hoff equation, which 
extends chemical equilibrium constant as a function of temperature assuming a 
constant enthalpy of reaction. With the extended value of equilibrium constant, 
the heat capacity of the SIL was optimized using equations (4-7), (4-9) and (4-
10). The liquid state heat capacity of DBU was calculated by backward 
difference method using the liquid state enthalpies calculated from the 
previously estimated ideal gas heat capacity and the Watson’s extension of the 
enthalpy of vaporization. 
 
The optimization of the heat capacity of the SIL could not be easily converged 
due to the nonlinear nature of the equations employed. Hence, a linear equation 
(4-11) relating equilibrium constant and change in heat capacity parameters was 
employed (Smith and Van Ness, 1987).   
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                              (4-11) 
 
The least square optimized parameters for equation (4-11) was then used to 
determine the SIL liquid state heat capacity correlation coefficients. The 
calculated coefficients were validated by calculating the heat capacity at 300K; 
the determined value—1.73 J/(g-K)—at least passed the test of 1.2 to 2 J/(g-K) 
range predicted by Heldebrant et al. 2008. Figure 13 compares the van’t Hoff-
extended equilibrium constant with the modelled values based on equation (4-
11) optimization. A similar graph was obtained when the determined SIL heat 
capacity was transferred to the nonlinear model.  
 
 
Figure 13: Chemical equilibrium constant comparation. 
 
In the case of the DIL ([TMGH][C2H5CO2]), the thermogravimetric analysis 
(TGA) graph that is reported in King et al. 2011 was traced for the dissociation 
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stoichiometric reaction of the dissociation—shown in Figure 11—, the 
corresponding amounts of propionic acid and TMG were calculated. 
Consequently, the reaction equilibrium constant was estimated for the 
temperature range with equation (4-8). The activity coefficients were assumed 
to be unity throughout this calculation. It is possible to use UNIFAC method for 
the TMG-propionic acid interaction parameters but this method is not matured 
enough for the IL interaction computation. 
 
Just like in the case of the SIL, the liquid state thermodynamics data for 
propionic acid were collected from the DIPPR 801 project while that of TMG 
was calculated from the ideal gas estimation using Aspen property estimation. 
Flowbat was also used for TMG property estimations for validation purpose, 
both software programs; however, yield similar values. Similarly, equation (4-
11) was used to fit the DIL heat capacity but this time, equations (4-7) to (4-10) 
were utilized to optimize the DIL standard state enthalpy and Gibbs free 
energy. Figures 14 and 15 illustrate how the TGA-traced values compare with 
the linear and nonlinear models optimization respectively. 
 
 
Figure 14: Equilibrium constant of the DIL against temperature; linear 
optimization. 
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Figure 15: Equilibrium constant the DIL against temperature; nonlinear 
optimization. 
 
The irregularities shown in the TGA values indicate some level of human error 
in the process of data tracing. Additionally, this error makes it difficult for the 
models to perfectly fit the data. The encountered imperfection is; however, 
immaterial as only a rough estimation is needed to carry out the simulation.  
 
As a closure to this chapter, the main achievements are briefly recounted as 
follows. Firstly, the platform for calculating the VLE and CPE of the ILs was 
established. Furthermore, the physical properties of the ILs needed in thermal 
separation calculations were also estimated. These physical properties are either 
calculated with the group contribution methods or by indirect optimization of 
model parameters. Appendix D presents the results of the intermediate 
calculation results that are not included within the chapters. 
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5 Process Simulations of Separation and Recycling Schemes 
 
 
Chapter 4 effectively dealt with the VLE and chemical equilibrium modelling 
(CE) of the ILs types in consideration. In this chapter, the results from the VLE 
and CE modelling shall be harnessed to simulate possible separation and 
recycling schemes for the ILs-antisolvent mixtures. Just like in chapter 4, the 
first and second sections shall consider the imidazolium-based ILs and the 
DIL/SIL respectively.  
 
5.1 Separation and recycling schemes for imidazolium-based ILs  
 
The goal of this section is to report the procedure and results of the biomass 
fractionation process simulation with [emim][OAc] as IL and water as 
antisolvent. The motivation behind this choice of IL/antisolvent was explained 
in heading 4.1 of chapter 4. This simulation was performed with Aspen Plus 
software V7.3 with some physical properties data supplied from external 
calculations and correlations parameter fitting.  
 
Based on the biomass fractionation description given in chapter 2, the general 
flowsheet consist of the fractionating section and the thermal separation parts. 
Figure 16 illustrates the general layout of the six unit operations used for the 
process simulation. In the first tank, the employed IL would fractionate 
biomass; whether cellulose, hemicellulose or lignin is fractionated depends on 
the IL employed. The second block separates the undissolved biomass from the 
IL-dissolved biomass stream. The next block, mixer, depicts the precipitation of 
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the dissolved biomass fraction with an antisolvent. Following the precipitation 
is the filtration of the precipitates and subsequent thermal separation of the IL-
antisolvent mixture. 
 
 
Figure 16: Illustration of biomass fractionation process layout. 
 
In all the simulations reported, the fractionation and precipitation parts are 
simply modelled with splitters and mixers while the thermal separation part is 
rigorously modelled with the specified thermodynamic models. Accurately 
modelling biomass fractionation and precipitation demands the definition of 
biomass as non-conventional solid. Furthermore, reactor models like the Gibbs 
reactor or a kinetic reactor model would be required. In order to capture the 
phenomenon of interest, dissolution and precipitation, these reactor models 
would require thermodynamics and kinetics data which are presently 
unavailable in the literature. As such, the aforementioned approach with 
specified split ration was used as the focus of the simulation is on the 
separation and recycling parts. 
 
MIXER
IL3
BIOMASS
BIOM+IL3
RBIOMASS
A-SOLVNT
11
IL3+AS
BIOM+AS
FLASH1
V1
L1
FRACTN
SPLITTER
4
FILTER B1
1
42 
 
 
In consistent with reported laboratory experiments, the feed ratio of IL to 
biomass is chosen to be greater than unity; that is 80 kg/s IL and 20 kg/s 
biomass (Anugwom et al., 2012; Kilpeläinen et al., 2007; van Spronsen et al., 
2011). Furthermore, an antisolvent feed of 100 kg/s was introduced for 
precipitating the dissolved biomass. Biomass split ratio of 50% was specified for 
the outlets in the second block (splitter) to model 50% dissolution of biomass 
while a total removal of the supposedly dissolved biomass was imposed in the 
forth block (filter) to demonstrate filtration of the precipitate. In the blocks 
labelled ‘SPLITT R’ and ‘FILT R’  little amount of IL and IL-antisolvent 
mixture was specified as loss to the outlet streams in both cases.  
 
Because the IL ([emim][OAc]) is a non-database component, it is modelled as 
pseudocomponent with its molecular mass, normal boiling point, density, 
vapour pressure and critical properties specified. The normal boiling point, 
density and critical properties of [emim][OAc] are estimated based on the 
modified Lydersen-Joback-Reid method for ILs developed by Valderrama & 
Rojas 2009. (Valderrama and Rojas, 2009) 
 
Additionally, data for estimating the energy variables are supplied for 
[emim][OAc]. Römich et al. 2012 reported some specific heat capacity data for 
[emim][OAc]-water mixture for a temperature range of 293.15K to 363.15K. 
These data were extrapolated to calculate the specific heat capacities of pure 
[emim][OAc] at the reported temperatures. The extrapolated values were 
compared with specific heat capacities calculated from an additive method 
reported in Soriano et al. 2010 and both estimates show considerable agreement. 
Enthalpy of vaporization at 298K was estimated from a predictive rule given in 
Verevkin et al. 2008 and extended with Watson correlation for other 
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temperatures. All the mentioned data were fitted to the Aspen Plus correlations 
and the parameters were supplied for the simulations. Equations 5-1&2 and 
Tables 5 and 6 show the correlation of specific heat capacity and the fitted 
parameters estimated as earlier described. (Soriano et al., 2010; Verevkin, 2008) 
 
  
             
     
     
     
                  (5-1) 
                    
  
  
  
  
  
  
 
          
 
                                        (5-2) 
Table 5: Estimated parameters for specific heat capacity of [emim][OAc] 
  
   (kJ/kmol-K)         (kJ/mol-K)    
C1 27278.19           119.8 
C2 -337.76 T (1) (K) 298 
C3 1.5776 a 0.38 
C4 -0.0033 b 0 
C5 2.5375E-06 Tmin (K) 298 
C6 0     
C7 302     
C8 600     
 
Table 6: Specific heat capacities comparation 
  T   
  (extrapolated)   
  (predictive) 
UNITS K J/(mol-K) J/(mol-K) 
  293.15 310.66 324.06 
  303.15 314.33 326.92 
  313.15 315.83 330.37 
  323.15 319.81 334.42 
  333.15 323.72 339.06 
  343.15 325.78 344.30 
  353.15 330.11 350.13 
  363.15 337.58 356.55 
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Biomass is modelled as cellulose and the remaining components are normally 
chosen from the database. Asides from the supplied data stated above, the 
remaining physical properties needed within the simulation were estimated by 
Aspen Plus inbuilt methods. 
 
Having set up the simulation platform, the first simulation is run with ideal 
model assumptions to realize the level of nonideality exhibited by the system. 
Following the ideal simulation, a nonideal case was also simulated with the 
NRTL model and all the fitted energy variables data. The normal boiling point 
rise of water due to the presence of [emim][OAc] is also investigated.  
 
Figure 17 shows a schematic of the single flash separation of the IL-antisolvent 
mixture. Following the set-up in Ferro et al. 2012, the IL-water mixed stream to 
be separated is heated to its bubble point before flashing so as to distinguish the 
sensible heat and from the heat required for vaporizing the mixture. In order to 
ensure that [emim][OAc] does not decompose, a ceiling temperature of 400 K is 
specified in the flash drum. (Ferro et al., 2012)  
 
   
Figure 17: Single flash separation of [emim][OAc]-water mixture. 
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Table 7 compares the results from the single flash separations; the results from 
the ideal and nonideal simulations were compared. Apparently, due to the low 
vapour pressure exhibited by the [emim][OAc], flashing the liquid mixture in a 
single drum attains a reasonable level of purity. However, the specified 
temperature (400 K) demands operating in vacuum to achieve the separation; 
the ideal case requires about 3.5 kPa while the data-supported case went as low 
as 0.33 kPa. The attained level of purity and the required energy are comparable 
while the normal boiling point rise of the data-supported case more than 
doubles that of the ideal simulation. 
  
Table 7: Ideal and data-supported single-stage flashing. 
    IDEAL DATA-
SUPPORTED 
Temperature K 400 400 
Pressure Pa 3461 328 
       
SEPARATION %wt IL in Vapour 0.005 0.043 
  %wt IL in Liquid 0.999 0.993 
       
ENERGY Qheat    MW 34.46 9.14 
  Qheat    kJ/kg IL 443.94 117.72 
  Qvap     MW 214.72 242.84 
  Qvap     kJ/kg IL 2766.40 3128.78 
 Qtotal    MW 249.18 251.98 
DTBR   2 5 
 
Furthermore, an exponential increase in boiling point rise of water is observed 
as the weight percent of [emim][OAc] grows in the mixture. Conversely, the 
total pressure of the IL-water mixtures reduces with amount of IL increases. 
Figure 18 depicts the observed boiling point temperature-rise trend in a semilog 
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graph while Figure 19 presents the bubble temperature and pressure of the 
mixture over some composition range. Figure 19 is in essence a design chart 
from which the required tank pressure can be determined based on the 
operating temperature and the desired purity. 
 
 
Figure 18: Semilog plot of boiling point rise of water at 1 atmosphere. 
 
 
Figure 19: Bubble pressure and temperature against % weight of [emim][OAc]. 
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Lastly, for the sake of energy economy, an optimized three-stage flash with a 
recycle stream is simulated for the biomass fraction process. As shown in Figure 
20, the vapours from the first and second stages were condensed to flash the 
content of the second and third drums sequentially. Hence, the only energy 
input goes to the first flash tank. In order to minimize the energy consumed in 
the first tank, the optimization tool in Aspen Plus is set up as follows;  
 
Objective function               (Energy consumed in the 1st flash tank) 
Optimized variable  
 
 
 
     
 (Vapour to feed ratio in the first flash tank).  
Constraints                   (Mole fraction of IL in stream 6) 
 
          
          
           
           
           
           
 
The first constraint represents the purity level required in stream 6—the recycle 
stream— as shown in Figure 20. T1, T2 and T3 denote the temperatures in the 
evaporator stages. The temperature differences demand in the constraint 
equations are needed to ensure the usability of the condensed vapours in the 
subsequent stage. Lastly, the dictated pressure window in tanks 1 and 2 are 
chosen to ensure easy operation of the flash tanks around atmospheric 
condition. 
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Table 8 presents the results obtained from the converged simulation. 99.2 
weight percent of [emim][OAc], corresponding to 93.3 mol percent, was 
realized in the recycle stream and the pressure level in the third tank was at 2 
kPa to achieve this purity.  Temperature difference between flash tanks 1-2 and 
2-3 is 10 K and 30 K respectively while the energy input is more than halved as 
compared to the single flash tank case. The observed large temperature 
difference between flash tanks 2 and 3 at the optimum condition allowed for 
effective usage the energy transfer. This temperature difference together with 
flash tank 3 pressure of 2 kPa provided the driving force needed to effectively 
concentrate the viscous IL-water mixture to the specified concentration.   
 
 
Figure 20: Optimized three-stage flash with recycle. 
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Table 8: Results from single and multistage separation. 
  MULTIFLASH
( optimized) 
SINGLE FLASH 
Temperature K (385,375,345) 400 
Pressure kPa (191; 130; 2) 0.328 
    SEPARATION %wt IL in Vapour 11 ppm 0.043 
 %wt IL in Liquid 0.99 0.99 
V/F ratio  (0.3; -; -) 0.92 
    ENERGY Qflash MW 112 251 
 
 
5.2 Separation and recycling schemes for DILs and SILs 
 
The general biomass fractionation flowsheet described in section 5.1 is exactly 
the same in this section except for the employed IL. For both ILs, carbon 
dioxide, butanol, TMG, and propionic acid are all Aspen Plus database 
component. Water and cellulose were used as the antisolvent and biomass 
respectively. The molecular structure of TMG is drawn in the mol-file for group 
contribution estimation of the missing properties. Likewise, the structure of 
DBU was drawn for possible properties estimations; however, as the nitrogen 
ring (-N<) subgroup is not available in many group contributions methods, the 
properties that could not be estimated were calculated in Excel using the non-
ring equivalent. The estimated values were then supplied into Aspen for 
simulation purpose. 
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Both the SIL and DIL were modelled as pseudocomponents with the molecular 
weight, normal boiling temperature, density and vapour pressure data supplied 
to Aspen Plus. The critical properties, density and normal boiling point of the 
ILs were estimated with the modified Lydersen-Joback-Reid method developed 
by Valderrama & Rojas 2009. The vapour pressure of the ILs and that of DBU 
was estimated with the Riedel correlation in Flowbat. Figure 21 compares the 
vapour pressure of both ILs. 
 
Figure 21: Semilog plot of ILs vapour pressure. 
The enthalpy of vaporization for the ILs was estimated with the predictive 
method in Verevkin et al. 2008 and extended with Watson correlation. The 
Joback method is used to estimate all physical properties needed for DBU 
except for the ideal gas heat capacity that was calculated with Harris and 
Seaton’s property estimation method. Using the optimized values for the ILs 
standard state enthalpy of formation, Gibbs free energy and heat capacity as 
liquid described in section 5.1, the standard state equivalents as ideal gas were 
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shown in Table 9. All the estimated values were fed into Aspen Plus for the 
flowsheet simulation. 
        
 
 
               (5-3) 
Table 9: ILs equilibrium constant coefficients. 
 
SIL DIL 
   A -52.57 -1182.30 
B 16839.07 29617.32 
C -4.41E-13 199.03 
D 0 -0.23 
 
Having estimated the needed physical properties, the flowsheet was set up just 
as in the case of imidazolium IL—[emim][OAc]. The ILs feed (80 kg/s) and the 
splitters specifications were similar to the case of [emim][OAc] for the purpose 
of later comparation. After the fractionation and precipitating section, the 
stream to be separated and recycled contains the IL (SIL or DIL) and the 
antisolvent (water). In accordance with the easy distillability of the ILs, the idea 
is to switch the ILs to their molecular conjugates and then separate the 
components. Switching and separating the components requires a reactive unit 
alongside a thermal separation process. In light of these facts, some separation 
and recycling schemes were developed for the ILs in questions. 
 
Starting with the DIL, the first scheme (Figure 22) simulated takes advantage of 
the traditional ILs low vapour pressure. A simple vacuum distillation was 
employed to separate water from the DIL-water mixture and then recycling the 
DIL-rich stream. In order to get the desired purity—0.999 mol% of water— at 
the distillate, the column was operated with a total of 15 stages, 1.5 reflux ratio 
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and 5.3 kPa. The reboiler and condenser temperature are 445 and 307 K 
respectively. This magnitude of condenser temperature suggests the feasibility 
of employing cooling water as the coolant and thus neglecting the cost of 
cooling. Figures 23 to 25 show the separation and temperature profile of the 
column. 
 
Figure 22: DIL-mixture purification and recycling scheme; CASE 1. 
 
 
Figure 23: Vapour phase component profile. Stage 1 is the condenser. 
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Figure 24: Liquid phase component profile. Stage 1 is the condenser. 
 
 
Figure 25: Temperature profile of the 15-stage distillation column. 
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The second scheme—CASE 2—simulated passes the DIL-water mixture 
through a CSTR reactor to switch-off the IL. The IL switching-off in the CSTR 
was calculated based on the equilibrium constant model (equation 5-3) and not 
kinetically. Complete switching off the DIL was achieved with a residence time 
and reacting temperature of 20 seconds and 450 K respectively. The CSTR 
outbound multicomponent stream, TMG, propionic acid and water, has the 
water content vapourized in a 15-stage column operated at 1 atm. Again, purity 
level of 0.99 mol% water was achieved and the TMG-propionic containing 
stream was led into another CSTR for their eventual switching-on to synthesize 
the recycled DIL. In this case, the CSTR was operated at 350 K to favour 
equilibrium shift in the direction of DIL. Figure 26 depicts CASE 2 scheme 
flowsheet. Figure 27 and 29 also depicts the distillation column vapour/liquid 
compositions and the temperature profile. 
 
 
Figure 26: DIL-mixture purification and recycling scheme; CASE 2. 
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Figure 27: Vapour phase composition profile. Stage 1 is the condenser. 
 
 
Figure 28: Liquid phase composition profile. Stage 1 is the condenser. 
 
Figure 29: Temperature profile of the 15-stage distillation column (1 atm). 
0 
0.2 
0.4 
0.6 
0.8 
1 
1 3 5 7 9 11 13 15 
Number of stages 
Propanoic acid 
H2O 
TMG 
0 
0.2 
0.4 
0.6 
0.8 
1 
1 3 5 7 9 11 13 15 
Number of stages 
Propanoic acid 
H2O 
TMG 
330 
335 
340 
345 
350 
355 
360 
365 
370 
375 
1 3 5 7 9 11 13 15 
Te
m
p
e
ra
tu
re
 (
K
) 
Number of stages 
Temperature profile 
56 
 
 
 
Following the DIL simulation, the SIL case was considered. As the molecular 
components of the SIL involve a gaseous component, the multicomponent 
separation is more complex for this IL. Figure 30 illustrates the simulated 
flowsheet. 
 
 
Figure 30:  SIL-mixture purification and recycling scheme. 
 
Because of the experimental data collected from Helderant et al. 2008, the 
thermodynamics data fed to Aspen Plus were more reliable, and thus, the 
chemical equilibrium can be accurately calculated from the first principle. In 
light of this fact, the stoichiometric equilibrium reactor was employed for the 
switching-on/off of the SIL. The scheme for the SIL is similar to CASE 2 of DIL 
save for the usage of two extra flash drums for partially separation of the CO2. 
After switching off and partly vaporizing the CO2 content of the 
multicomponent mixture, the distillation column removes the water and 
remaining CO2. Consequently, the SIL is re-synthesized, purified and recycled 
as illustrated in the flowsheet. 
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Figures 31 to 33 show the composition and temperature profiles of the 50-stage 
column that separates water and CO2. The high number of stages required for 
the separation reflects the closeness the boiling point of butanol and water. 
 
 
Figure 31: Vapour phase composition profile. Stage 1 is the condenser. 
 
 
Figure 32: Liquid phase composition profile. Stage 1 is the condenser. 
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Figure 33: Temperature profile of the 50-stage distillation column. 
Table 10 compares the energy demand of the thermal separation units in the 
three flowsheets simulated. For optimum energy usage, the all the distillation 
columns were simulated at either twice the minimum number of stage or 1.2 
times the minimum reflux ratio. These minimum column variables were 
determined with the shortcut distillation blocks in Aspen Plus which employs 
the Winn-Underwood-Gilliland method. 
Table 10: Energy usage indicators from the simulated flowsheets. 
  
SIL scheme 
Distillation 
SIL 
scheme 
Flash B4 
SIL 
scheme 
Flash B6 
DIL scheme 
CASE 1 
DIL 
scheme 
CASE 2 
(water-
coolant) 
DIL 
scheme 
CASE 2   
Reboiler 
temperature (K) 
408     445 372 421 
Condenser 
temperature (K) 
346 350   307 333 373 
Pressure (kPa) 100 100 10 5.33 20 101.3 
Condenser duty 
(kJ/kg IL Feed) 
-7749     -4220 -7365 -7066 
Reboiler duty 
(kJ/kg IL Feed) 
7848     4372 3640 3661 
Reflux ratio 2      1.5 1.5 1.5 
Number of stages 50     15 15 15 
Flash duty    
(kJ/kg IL Feed) 
  -2844 673       
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Out of the two different flowsheets simulated with DIL, CASE 1 which effects 
evaporation of water (antisolvent) without switching-off the DIL require a 
reboiler duty of about 4372 kJ/kg IL Feed. This scheme results in vacuum 
operation (5.3 kPa) and 307 K condenser temperature that allows for the usage 
of water as the coolant. Thus, the cost of cooling can be significantly reduced. 
The other scheme, CASE 2 that switches-off the DIL yields a reboiler duty of 
about 3640 and 3661 kJ/kg IL Feed respectively when operated at 20 and 101.3 
kPa. The vacuum case can utilize water as the coolant, instead of water the 
atmospheric case need about 7066 kJ/kg IL Feed of cooling energy at the 
condenser. 
 
Based on the compared energy-consumption indicators presented in Table 10 
for the SIL ([DBUH][C4H9CO3]) and DIL ([TMGH][C2H5CO2]) in this simulation, 
it becomes apparent that the DIL is easier and more economical to separate and 
recycle. The SIL consumes more energy for its components separation partly 
due to the presence of a gaseous component which requires additional flash 
tanks and also due to the close-boiling of butanol and water. The boiling point 
nearness demands 50 stages and 7848 kJ/kg IL Feed reboiler duty to effectively 
vapourize water from the DBU-butanol. This observation is particularly 
valuable with regards to selecting antisolvent and or choice of alcohols/organic 
acids in synthesizing SILs and DILs. However, as noted in King et al. 2011 that 
lower chain organic acids forms more basic anions which favours biomass 
dissolution and evaporation. Thus, a trade-off must be made with both 
observations in order to make a choice that leads to ILs with both adequate 
biomass dissolution ability and moderate component separation cost.  
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Lastly, a comparison of flowsheet CASE 1 with the multiflash separation of 
[emim][OAc] champions the superiority of [emim][OAc]. The trustworthiness 
of this superiority is; however, dependent on the accuracy of the utilized 
vapour pressure models. In practice, non-volatile impurities might build-up in 
the process. This possibility was not considered in these simulations as the 
nature of such speculated impurities are unknown. Nonetheless, the recycled IL 
could be boiled-off from such impurities by introducing extra thermal 
separation units. 
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6 Discussions and Conclusion 
 
 
Biomass fractionation with ionic liquids (ILs), on a laboratory scale, has become 
popular in the literature, mainly with the intent of increasing the capacity and 
greenness of the bio-based industries. Considering this popularity, different 
types of ILs—imidazolium-based, TMG-based (DIL) and DBU-based (SIL)—
have been reported for their biomass dissolution capability alongside the IL 
separation and recovery potential. As thermal separation is a common 
underliner for separating and recycling all this IL types, this thesis seeks to 
investigate the most promising IL type by modelling and simulating their 
thermal separation and recycling. 
 
Modelling thermal separation processes naturally demands clear 
understanding of the vapour-liquid equilibrium (VLE) of the chemical 
components of interest. In the light of this, the VLE of the ILs-antisolvent 
mixture for the chosen imidazolium-based IL ([emim][OAc]) was studied. 
Additionally, the chemical equilibrium (CE) of the chosen DIL 
([TMGH][C2H5CO2]) and SIL ([DBUH][C4H9CO3]) were modelled based on the 
switchability chemistry assumption. Due to the scarcity of ILs thermodynamics 
and physical properties data, the models parameter fitting mainly relied on 
group contribution and other closely applicable estimation methods found in 
the literature. Furthermore, the CE modelling assumed unity activity 
coefficients due to lack of experimental data and unavailability of the needed 
UNIFAC subgroups. Hence, it is noteworthy to acknowledge these weaknesses 
in the physical properties of the ILs.   
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Following the VLE and CE modelling, four different biomass fractionation 
flowsheets were simulated in Aspen Plus with the fitted VLE and CE model 
parameters appropriately supplied into the simulator. In the simulated 
flowsheets, the fractionation section was simplified while the thermal 
separation section was rigorously modelled. Results gathered from the thermal 
separation conditions of the converged simulations suggest [emim][OAc] to be 
most energy economic option. In addition, the DIL is more promising than the 
SIL at least based on the energy spent for the thermal separation. In all the 
simulations, the antisolvent (water) is mainly being evaporated from the 
IL/molecular component mixture. This gives credibility to the predicted energy 
values for the SIL and DIL as their molecular conjugates possess accurate 
known physical properties. Likewise, the energy values for [emim][OAc] case is 
trustworthy. However, because the employed saturated vapour pressure of 
[emim][OAc] is merely an homological value, the credibility of the estimated 
flash tank pressure will become questionable as the amount of the IL grows.  
 
The energy predictions notwithstanding, it is rather premature to compare the 
promising potential of the imidazolium-based IL with the switchable ILs (DIL 
and SIL) due to differences in the model hierarchy (ILs solution chemistry 
assumptions) and nonideality assumptions. The Gibbs excess (NRTL) model 
parameters were available for [emim][OAc] while the DIL and SIL assumes 
ideality both in vapour and liquid phase. Additionally, [emim][OAc] is 
modelled as a molecular specie while the switchable chemistry is considered for 
the DIL and SIL.  
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With regards to the recovery of the spent ILs, an overall statement cannot be 
given as the dissolution, precipitation and filtration were not rigorously 
modelled. However, talking about the loss of IL in the thermal section, 
obviously [emim][OAc] has the highest recovery as it is modelled as a 
molecular component. On the other hand, the SIL and DIL have to suffer 
double component loss both in the reactor and in the thermal separation units.   
 
In order to improve these models, several experimental measurements have to 
be performed. The saturated vapour pressure data for the ILs is important. 
Likewise, extensive VLE measurement data are important for capturing the 
nonideality exhibited in the liquid phase. However, considering the cost and 
time associated with such measurements, the subgroup parameters of UNIFAC 
method needed for the ILs employed in biomass fractionation could be 
optimized with the little available measurement data. In addition to that, 
physical properties prediction with molecular modelling methods could also be 
engaged in this research area pending the availability of measurement data. 
 
In conclusion, the results from the modelling and simulation of four different 
biomass fractionation process flowsheets involving three different ILs—
[emim][OAc], DIL and SIL—were analyzed to determine the most promising 
IL. Based on the energy usage of the thermal separation units, the [emim][OAc]-
flowsheet is the most promising IL while the DIL-flowsheet consumes less 
energy as compared to the SIL.  
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Appendices 
 
APPENDIX A 
 
EQUATION OF STATE MODELS 
1. IDEAL GAS 
 
                
 
2. Soave-Redlich-Kwong (SRK) model 
  
  
   
 
  
      
 
  
          
 
  
 
  
          
  
 
                                         
       
 
3. Peng-Robinson (PR) CEOS model 
 
  
  
   
 
  
             
 
 
4. Virial equation 
 
  
  
     
 
 
 
 
  
  
 
 
 
MIXING RULES  
 
van der Waals mixing rule: 
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The Wong-Sandler mixing rule 
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APPENDIX B 
 
VAPOUR PRESSURE MODELS  
Antoine equations 
   
 
  
    
 
 
 
 
 
  (Two parameters) 
   
 
   
    
 
 
 
 
   
   (Three parameters) 
DIPPR extended form of Antoine 
   
 
  
    
 
 
 
 
 
     
 
 
    
 
 
 
 
 
E is usually 1, 2 or 6. 
Wagner equation 
   
 
  
                            
    
 
  
 
Powers of x can also be 1, 1.5, 2.5 and 5. 
Cox equation 
   
 
     
     
  
 
      
 
 
    
 
 
 
 
  
                 
 
Frost-Kalkwarf equation 
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APPENDIX C 
 
ACTIVITY COEFFICIENT MODELS 
Wilson model 
               
 
     
     
       
 
 
    
  
  
      
   
  
  
             
 
NRTL 
  
  
      
         
 
 
      
 
 
 
 
 
    
   
  
  
                  
        
 
Universal Quasi-chemical (UNIQUAC) 
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APPENDIX D 
 
SOME EXTIMATED PROPERTIES 
[emim][OAc] 
Physical properties of [emim][OAc] according to Valderrama and Rojas 2009. 
emimOAc critical properties 
      
  UNIT   
Molecular mass g/gmol 170.2 
Density kg/m3 1027 
Normal boiling point K 578.8 
Critical volume cm3/mol 544 
Critical pressure bar 29.19 
Critical temperature K 807.1 
accentric factor   0.5889 
compressibility factor   0.2367 
 
Enthalpy of vapourization at 298 K according to Verevkin 2008 
 
[emim][OAc] = C8H14N202. Therefore,       = 8*2.5 + 2*26.3 + 2*23.6 = 119.8 
kJ/mol. 
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Extrapolated heat capacity from water-[emim][OAc] data reported in Römich et al. 
2012 compared with Soriano et al. 2010 additive method prediction. 
  T 
  
  (extrapolated) 
Römich 
  
  (predictive) 
Soriano 
UNITS K J/(mol-K) J/(mol-K) 
  293.15 310.66 324.06 
  303.15 314.33 326.92 
  313.15 315.83 330.37 
  323.15 319.81 334.42 
  333.15 323.72 339.06 
  343.15 325.78 344.30 
  353.15 330.11 350.13 
  363.15 337.58 356.55 
 
The DIL ([TMGH][C2H5CO2])  and SIL ([DBUH][C4H9CO3]) 
Physical properties calculated based on Valderrama and Rojas 2009. 
ILs properties 
    DIL SIL 
  U NIT     
Molecular mass g/gmol 189 270 
Density kg/m3 1012 764 
Normal boiling point K 541 763 
Critical volume cm3/mol 620 842 
Critical pressure bar 24 14 
Critical temperature K 726 1005 
accentric factor   0.7293 0.5400 
compressibility factor   0.2441 0.1393 
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TMG and DBU properties estimated with the Joback method in Flowbat 
Property Dimension TMG DBU 
        
MW g/mol 115.2 152.2 
TFREEZ K 263.1 338.3 
TBOIL K 433.1 533.1 
TC K 624.6 778.1 
PC MPa 3.839 3.736 
VC cm3/mol 368.5 476.5 
ZC   0.2724 0.2752 
OMEGA   0.5281 0.4558 
 
TMG and DBU ideal gas heat capacity coefficients estimated with the Harris and 
Seaton’s method in Flowbat 
Harris and Seaton's property estimation method  
  
DBU TMG 
CPA kJ/mol*K -0.03483 -0.00458 
CPB 
 
0.0009462 0.0006486 
CPC 
 
-0.000000572 -3.598E-07 
CPD 
 
1.3E-10 7.39E-11 
 
Enthalpy of vapourization data  
  FLOWBAT FROM JOBACK 
    DBU TMG 
          kJ/mol 49.49 33.23 
        
    VEREVKIN 2008 
    DIL SIL 
              kJ/mol 146.1 158.4 
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ILs optimized heat capacity coefficients 
  SIL 
  J/(mol-K) 
      
        
        
   
      
A 216.97 147.10 
B 0.26 0.23 
C 0.00 0.00 
D 0.00 0.00 
E 0.00 0.00 
 
  
 
      (J/mol-K) 
  liquid ideal gas 
A -1063.48 -1196.22 
B 4.45 4.80 
C 0.00 0.00 
D 0.00 0.00 
E 0.00 0.00 
 
 
 
